INTRODUCTION
Rheumatoid arthritis (RA) is a chronic systemic inflammatory disease associated with premature mortality. 1 Over the past 15 years, new drugs (eg, biologics) and management strategies (eg, 'treatto-target' and early RA intervention) have been actively adopted to effectively treat RA. [2] [3] [4] [5] Furthermore, increasing recognition of the cardiovascular sequelae of RA has led to the recommendation and implementation of corresponding prevention strategies. 6 However, whether these perceived improvements in RA care in recent years have translated to improved survival among these patients remains unknown.
A few studies have examined the mortality trends in patients with RA diagnosed up to 2004 (ie, the early period of biological use) and found no improvement when compared with early RA cohorts. 7 8 However, no data are available on the mortality trends among patients with RA diagnosed in the late 2000's and beyond. Indeed, trends among the more recent RA cohorts would be directly relevant, as the long-term benefits (eg, improvement in mortality) arising from the perceived improvement in RA care that began in the late 1990's and early 2000's can finally be realised at the population level. 2-4 9 To address this key knowledge gap in the field, we conducted a population-based cohort study to examine the secular trend of all-cause mortality among patients with RA between 1999 and 2014. As all-cause mortality in the UK has declined substantially over the past decades, these background mortality trends need to be incorporated when assessing excess mortality trends in patients with RA. Thus, we assessed whether the rate of improvement in all-cause mortality among patients with RA and among individuals without RA from the general population differed in the two calendartime sub-cohorts, based on the year of RA diagnosis (ie, 1999-2006 (early cohort) and 2007-2014 (late cohort)).
METHODS

Data source
The Health Improvement Network (THIN) is an electronic medical record (EMR) database from general practitioners (GPs) in the UK. It contains health information on approximately 10.2 million patients from 580 general practices in the UK. Specifically, health information is recorded on site at each practice using a computerised system with quality control procedures to maintain high data completion rates and accuracy. The information includes socio-demographics, anthropometrics, lifestyle factors, details from GP visits, diagnoses from specialists' referrals and hospital admissions and results of laboratory tests. The READ classification system is used to code specific diagnoses 10 and a drug dictionary based on data from the Multilex classification system is used to code drugs. 11 Approximately 95% of the UK population is registered with a general practice and prior research has shown that THIN is representative of the UK population in terms of patient demographics and the prevalence of common illnesses. 12 
Study design and cohort definition
We conducted a matched cohort study to examine the secular trends of all-cause mortality among patients with incident RA, compared with individuals without RA. We identified all individuals aged between 18 and 89 years who had a first-ever diagnosis of RA defined by at least one READ code for RA between 1 January 1999 and 31 December 2014. READ codes for RA have been previously validated in the UK General Practice Research Database, with a positive predictive value (PPV) of around 80%. 13 14 In our alternative definition of RA, we identified individuals who had a first-ever diagnosis of RA using READ codes followed by at least one prescription for a diseasemodifying anti-rheumatic drug (DMARD) within 1 year of diagnosis. 15 This definition was found to have a specificity of 96% against the 1987 American College of Rheumatology Criteria for RA. For the alternative definition, the date of the first DMARD prescription was deemed as the index date. In addition, RA cohort members were required to have ≥1 year of continuous enrolment and at least one GP visit within the year prior to cohort entry. We then grouped the RA cohort into two calendar time-based cohorts, using the year of diagnosis, that is, early cohort (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) and late cohort (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) , to evaluate changes in mortality.
For the comparison cohorts corresponding to each RA cohort, we matched up to five individuals without RA based on age, sex and calendar year of entry (ie, the index date). If there were more than five non-RA matches available per subject with RA, we assigned each a random number and randomly selected five among these, whereas we selected all available non-RA matches in cases where there were fewer than five matches. The non-RA subjects were also required to have ≥1 year of continuous enrolment and to have at least one GP visit within the year prior to cohort entry.
Assessment of outcome
The outcome of this study was all-cause mortality, defined by the death date recorded in THIN. Registering of death triggers an update in the Personal Demographics Service. This is the national database that holds patient demographic data for the National Health Service. The change in patient status to 'dead' is immediately updated in the patient's EMR. This is an automated process which requires no input by the practice staff in THIN. Previous studies have shown that the mortality data from THIN agree well with national death rates in the UK. 12 
Assessment of covariates
From the THIN database we obtained covariate information prior to the index date on socio-demographic and anthropometric characteristics (ie, age, sex, date of birth, body mass index (BMI)), lifestyle factors (ie, alcohol consumption and cigarette smoking), medication use (ie, diuretic, angiotensin II receptor antagonists, angiotensin-converting-enzyme inhibitor, calcium channel blockers, β-blocker and low-dose aspirin) and comorbidities (ie, myocardial infarction, congestive heart failure, cerebrovascular disease, peripheral vascular disease, dementia, chronic obstructive pulmonary disease, ulcer, liver disease, diabetes without complications, diabetes with complications, renal disease, rheumatologic disease, cancer and AIDS). The presence of comorbidities was defined using READ codes as recorded by GPs. Based on this comorbidity list, we calculated the adapted Charlson comorbidity score. 16 All medication was assessed within 1 year prior to the index date; socio-demographic and anthropometric characteristics were assessed using the most recent available data prior to the index date and comorbidities were assessed any time prior to the index date. We assessed health service usage by calculating the number of GP visits in the year prior to the index date.
Statistical analysis
We compared the baseline characteristics of individuals in the RA cohorts and corresponding non-RA cohorts. Person-years of follow-up for each subject were computed as the amount of time from the index date to the first of the following events: death, disenrollment from the THIN database or the end of follow-up (either 31 December 2006 for the early cohort or 31 December 2014 for the late cohort, ensuring that the follow-up time was equal between the two cohorts to allow for a fair comparison). We calculated the all-cause mortality rate for each sub-cohort and plotted Kaplan-Meier mortality curves for them.
We used a Cox proportional hazard model to examine the relation of RA to all-cause mortality for each time-specific RA cohort, adjusting for the number of GP visits, BMI, smoking status (ie, non-smokers, ex-smokers and current-smokers), alcohol consumption (ie, non-drinkers, ex-drinkers and current-drinkers), comorbidities and medication use. We also examined the difference in all-cause mortality between the RA cohorts and comparison cohorts using an additive hazard model in which the hazard was modelled as a linear function of RA status. 17 The effect estimate generated from the model can be interpreted as the number of excess deaths attributable to RA per 1000 person-years. To evaluate whether the relationship between RA and all-cause mortality varied according to time, we combined the two RA cohorts and tested an interaction term (ie, RA status X sub-cohort) in the multivariable regression model. Given the predilection of RA among women, we also analysed the mortality trends according to sex.
For all analyses, missing values for covariates (ie, BMI, alcohol consumption and smoking status) were imputed by a sequential regression method based on a set of covariates as predictors (IVEware for SAS (V.9.2); SAS Institute, Cary, North Carolina, USA). 18 To assess the robustness of the study findings, we performed a series of sensitivity analyses. First, we evaluated the potential impact of an imperfect diagnosis of RA on our study findings by varying the PPV of RA diagnosis from 80% (ie, our primary definition's accuracy) and higher (which would correspond to our alternative definition's accuracy). 19 In contrast, negative predictive value of our RA definition ( probability of not having RA, when there is no RA diagnosis in the GP medical record) is expected to be extremely high because the incidence rate of RA is very low (<0.1%/year). We also performed the analysis using smoking status, alcohol consumption and BMI variables collected within 2 years prior to index date. Finally, we repeated our analyses excluding patients who were on a DMARD before the first diagnosis of RA and extending the period to 3 years of observation without a diagnosis of RA.
RESULTS
The early cohort consisted of 10 126 patients with incident RA and 50 546 matched individuals without RA. During the follow-up period, 936 and 2968 individuals died in the RA and non-RA cohorts, respectively. The median age at death was 77.0 and 78.4 years, respectively. In the late cohort of 10 769 patients with incident RA and 53 749 matched individuals without RA, 605 and 2293 died during the follow-up period, with a median age at death of 77.9 and 78.4 years, respectively. The mean follow-up time in the two comparison cohorts was similar, with 3.2 years of follow-up in the early cohorts and 3.3 years in the late cohorts.
As shown in table 1, there was no apparent difference in age, sex, BMI, alcohol consumption and medication use between RA and non-RA subjects in the early cohorts at baseline; however, patients with RA were more likely to be smokers and had more comorbidities than their non-RA comparators. Similar findings were also observed among subjects in the late cohorts. DMARD use was 65% in the early cohort and 81% in the late cohort. Of these DMARD-treated RA cases, 68% and 85% received methotrexate, respectively. Figure 1 depicts the cumulative all-cause mortality during the follow-up among RA and non-RA cohorts according to calendar year. While patients with RA had higher mortality rates than individuals without RA in either the early or the late cohorts, the magnitude of difference in mortality was smaller in the late cohorts compared with that in the early cohorts. The agematched, sex-matched and entry time-matched HR for all-cause mortality from RA was 1.66 (95% CI 1.54 to 1.79) in the early cohorts as compared with 1.35 (95% CI 1.23 to 1.48) in the late cohorts (table 2), indicating that the decline in the all-cause mortality rate over time was greater among patients with RA than among individuals without RA. The multivariable-adjusted HR of all-cause mortality from RA remained larger in the early cohorts (1.56, 95% CI 1.44 to 1.69) compared with that in the late cohorts (1.29, 95% CI 1.17 to 1.42) ( p for interaction <0.01) (table 2) .
A significant improvement in the excess mortality rate in patients with RA was also observed over the two time periods. The difference in mortality rate between patients with RA and individuals without RA was 11.0 deaths per 1000 person-years (95% CI 9.0 to 13.0) in the early cohorts and 4.1 deaths per 1000 person-years (95% CI 2.6 to 5.6) in the late cohorts (p for interaction <0.01). The corresponding multivariable-adjusted rate difference remained higher in the early cohorts than in the late cohorts (p for interaction <0.01). The mortality trends among patients with RA and its effect modification by time period was significant among both women and men (table 3). In our analysis using an alternative definition of RA (READ code plus the use of a DMARD), the baseline characteristics remained similar between groups (see online supplementary eTable 1). The multivariableadjusted HRs and rate differences were similarly larger in the early cohorts than in the late cohorts (table 4) . In our sensitivity analysis varying the PPVs of our RA definition at 80%, 85%, 90% and 95%, the corresponding corrected relative risks for mortality were 1.69, 1.65, 1.61 and 1.58 in the early cohorts and 1.32, 1.30, 1.28 and 1.27 in the late cohorts, respectively, thus suggesting that our observed results with an 80% PPV are conservative. When we repeated our analyses using smoking status, alcohol consumption and BMI variables assessed within 2 years prior to the index date, the multivariable-adjusted HR of all-cause mortality for RA remained larger in the early cohorts (1.84, 95% CI 1.51 to 2.24) compared with that in the late cohorts (1.33, 95% CI 1.14 to 1.56), whereas the difference in the mortality rate between patients with RA and individuals without RA was 12.8 deaths per 1000 person-years (95% CI 8.5 to 17.2) in the early cohorts and 2.7 deaths per 1000 person-years (95% CI 1.3 to 4.1) in the late cohorts ( p for interaction <0.01). When we repeated our analyses by excluding patients who were on a DMARD before the first diagnosis of RA and extending the period to 3 years of observation without a diagnosis of RA, the multivariable-adjusted HR of all-cause mortality for RA remained larger in the early cohorts (1.71, 95% CI 1.39 to 2.11) compared with that in the late cohorts (1.38, 95% CI 1.14 to 1.67), whereas the difference in the mortality rate between patients with RA and individuals without RA was 10.4 deaths per 1000 person-years (95% CI 6.2 to 14.6) in the early cohorts and 2.5 deaths per 1000 person-years (95% CI 0.3 to 4.8) in the late cohorts ( p for interaction <0.01).
DISCUSSION
In this general population-based cohort study from 1999 to 2014, we found that all-cause mortality from RA has improved to a greater degree than the background improvement of the general population. There were 10 excess deaths per 1000 person-years due to RA in the early period, which reduced to 3 excess deaths during the late period. As a relative risk, patients with RA had a 56% higher risk of all-cause mortality during the early period and a 29% higher risk during the late period compared with individuals without RA. These improvements in RA mortality trends appeared similar among men and women. Similar trends were noted in our DMARD-treated RA cohorts. These findings suggest substantial survival improvement among patients with RA in recent years.
Our mortality rate estimates were highly congruent with those from previous population-based incident RA cohort studies. 7 8 For example, all-cause mortality rate of our early RA cohort (29.1/1000 person-years) was quite similar to that of the inception RA cohorts from Rochester Olmsted County where RA occurred between 1995 and 2000 (ie, 24/1000 personyears). 7 The Norfolk Arthritis Register RA study population at baseline was several years younger than that of our study or the Olmsted County study, which was reflected in their slightly lower mortality rates (21 and 20 deaths/1000 person-years in the inception RA cohorts of 1995-1999 and of 2000-2004, respectively). 8 Regardless, the mortality rate in our late RA cohort was lower (ie, 17.0/1000 person years) than both studies. These consistencies with previous population-based incident RA cohort studies provide further support for the validity of our findings, thereby allowing us to extend the previous benchmark mortality data 7 8 to the most recent incident RA cohort available to date. These data collectively suggest that the perceived improvements in RA care since the late 1990s and early 2000s may have been translated into a survival benefit in the past decade.
In addition to the aforementioned increasing use of biological DMARDs, there has also been effective use of conventional DMARDs with appropriate dosing and mode of administration, as well as effective combination therapy. For example, a recent UK study has reported a tripling in methotrexate prescriptions between 2001 and 2012 and a 156% annual increase in the use of tumour necrosis factor inhibitors. 20 Furthermore, the early and effective intervention for RA to help prevent permanent damage has been increasingly adopted and treat-to-target strategies have been widely advocated. [2] [3] [4] [5] Collectively, all of these measures have reduced the disease activity of RA and seem to have led to an improvement in the longevity of patients with RA, as observed in our study.
Our study has several strengths and limitations. First, our study is a general population-based cohort study; thus, our findings are likely to be generalisable. Second, unlike previous studies that adjusted for age and sex for standardised mortality ratios, 7 we adjusted for several potential confounders prior to RA diagnosis (ie, obesity, smoking, comorbidities and medication use), thereby reducing a potential residual confounding effect. Third, using incident RA cases minimises the selection bias that may underestimate the risk of death if prevalent RA cases were included in the analysis. 21 However, uncertainty surrounding diagnostic accuracy is a potential concern. The overall accuracy of using EMRs to assess important outcomes appears to be high as reflected in many validation studies, [22] [23] [24] [25] [26] including that of our RA diagnosis. 13 14 The improving trend over the two periods was also evident using our more specific alternative definition (ie, a physician-recorded diagnosis of RA plus the use of a DMARD). 15 Furthermore, our sensitivity analysis varying the PPVs of our RA definition showed that our observed results are likely conservative and the aforementioned close agreement with previous population-based incident RA cohort studies 7 8 also lends support to the validity of our findings. We did not have sufficient detail on the cause of death in a number of cases in our dataset, precluding investigations on the cause of death in this cohort. Nevertheless, the overall all-cause mortality trends are critically important in their own right, as mortality represents the overall net health outcome of various benefits and risks associated with disease management. 27 Furthermore, our data did not allow for the assessment of the natural history of RA presentation, calling for future studies on this topic. Finally, it would also be valuable for future studies to assess to what extent the improved survival among patients with RA is directly attributable to the improvement of RA management and disease activity.
In conclusion, this general population-based cohort study indicates that the survival of patients with RA has improved over the past decade to a greater degree than in the general population. These data provide a key benchmark for the perceived improvement in RA care during the biological era.
